A previous study reported that combinatorial human endostatin and soluble tumor necrosis factor (TNF)-related apoptosis-inducing ligand (sTRAIL) gene transfer suppresses human hepatocellular carcinoma (HCC) growth and angiogenesis using the pVAX1 plasmid vector. The current study investigated the antitumor efficacy in HCC through adenovirus-mediated combination gene therapy. Human endostatin and sTRAIL (114 to 281 AA) genes were amplified and cloned into the Adeno-X expression vector. The recombinant adenoviruses (Ad-E and Ad-T) were packaged, amplified in the HEK 293 cells and used to infect human umbilical vein endothelial cells (HUVECs) and HepG2 cells, respectively. The results revealed that a significant cell growth inhibition was observed in the two types of cells using a cell viability assay. Intratumoral administration with Ad-E and Ad-T revealed a significant enhanced regression of the tumors compared with treatment with either recombinant adenovirus alone. Histology and immunohistochemistry examination further indicated that the inhibition of tumor growth appeared to result from increased apoptosis and reduced angiogenesis in tumor xenografts. In conclusion, these data further confirm the enhancement of antitumor efficacy through combined endostatin and TRAIL gene therapy and provide a promising application prospect by virtue of adenovirus-mediated anti-angiogenic and pro-apoptotic cancer gene therapy.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common types of primary cancer in the world (1) , ranking the sixth most prevalent cancer and the third most frequent cause of cancer-related mortality (2) . More than half a million individuals are diagnosed with this disease every year worldwide, including approximately 20,000 new cases in the USA (3) . Hepatocellular carcinoma has a poor 5-year survival rate of approximately 7% despite treatment (4) . Potentially curative therapies, including liver transplantation and surgical resection, are only applied to a minority of subjects due to the advanced stage of the disease at the time of diagnosis and the lack of suitable organ donors. Other regional treatments may be beneficial for unresectable HCC, but local failure or recurrences are frequent and the long term survival rate remains poor.
Gene therapy may offer a new therapeutic option for HCC and is considered to be a potential adjuvant of other therapies (5) . Previous clinical trials have shown that the side-effects are acceptable in the majority of the cases and the mechanism of action is different from standard treatments (6) . In the past decade, the gene therapy of liver cancer has covered a variety of gene transfer strategies aimed to treat patients with primary and secondary liver tumors, including gene-directed enzyme/pro-drug therapy, inhibition of oncogenes and restoration of tumor-suppressor genes, immunotherapy, antiangiogenesis and virotherapy (7) . However, several of these strategies have reached early clinical development with little success. The main obstacles to further progress lie in the poor gene delivery efficiency and therapeutic effect of single genes. It is a widely accepted theory that cancer is a complex disease, with multiple genes involved in diverse pathways. Therefore, it may be possible to achieve a more effective control of tumor growth through selecting effective gene delivery approaches and an appropriate combination of therapeutic genes.
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) belongs to the TNF family (8) , which functions as a cytokine to selectively induce apoptosis in cancer cells and has minimal or no toxicity against normal tissues Adenovirus-mediated combined anti-angiogenic and pro-apoptotic gene therapy enhances antitumor efficacy in hepatocellular carcinoma in vitro and in vivo (9, 10 (11) . Converseley, the immune defense role of TRAIL has been shown to kill pathogen-infected or malignant cells (12) . Numerous studies have demonstrated the potential use of recombinant soluble TRAIL as a cancer therapeutic agent. The extracellular domain of TRAIL works as a soluble cytokine (sTRAIL) and induces apoptosis on cancer cells at distant locations from the producing cell (13) . Endostatin, a carboxyl-terminal proteolytic fragment of collagen XVIII, is a key tumor suppressor and has been used highly successfully to treat cancer. Endostatin has a multi-binding ability to tropomyosin, heparin, perlecan, glypican, integrin, zinc, laminin and fibulin (14) . By virtue of these binding interactions and a variety of downstream effects, endostatin acts as a specific inhibitor of endothelial cell proliferation, migration and angiogenesis. This results in the inhibition of tumor growth (15, 16) . Previous research has also demonstrated that endostatin may inhibit angiogenesis in hepatocellular carcinoma following transarterial chemoembolization (17) .
Replication-defective adenoviral (Ad) vectors have shown promise as a tool for gene delivery-based therapeutic applications due to their high gene delivery efficiency. Moreover, adenoviruses have a number of other advantages as gene delivery vectors, including the ability to transduce a wide variety of non-dividing and dividing cells with high efficiency, relative ease of construction and ability to be purified as hightiter viral stocks. These characteristics make adenoviruses particularly attractive for overexpressing specific genes in vitro and for evaluating in vivo biological activity in animal models (18) . Gendicine, the first gene therapy product approved by China FDA, is composed of the adenoviral vector and the human wild-type p53 tumor suppressor gene. Clinical trials have confirmed that it is safe and effective for head and neck squamous cell carcinoma (19) .
Previous evidence has shown that carcinoma growth and angiogenesis were suppressed by combined plasmid-mediated endostatin and TRAIL gene therapy in mice (20) . The current study reports on the use of an adenovirus as the gene delivery vector to construct the recombinant adenovirus Adeno-X-TRAIL (Ad-T) and Adeno-X-endostatin (Ad-E) and to examine whether the combination of TRAIL with endostatin works synergistically against HCC. Construction of recombinant adenovirus. Adeno-X expression system (BD Clontech, Mountain View, CA, USA) was used to construct recombinant adenovirus vectors. Complementary DNA encoding 184 amino acid residues of human endostatin and 167 amino acid residues of human TRAIL (from 114 to 281 amino acids), including the signal peptide of human interleukin-2, were PCR-amplified from pMD-18-endostatin and pMD-18-TRAIL and subcloned into the pShuttle plasmids. The expression cassettes, including the cytomegalovirus (CMV) promoter, endostatin or sTRAIL gene fragments and bovine growth hormone polyadenylation (BGH) polyA tails, were then removed from pShuttleendostatin and pShuttle-TRAIL by PI-SceI and I-CeuI digestion and inserted into the corresponding PI-Sce I and I-Ceu I sites of linearized adenoviral backbone. Thus two recombinant adenoviral plasmids (named Ad-E and Ad-T) were obtained. The correct recombinants were selected and retransformed into DH5α-competent cells. Purified recombinant plasmids were linearized by PacI restriction and transfected into HEK293 cells to generate recombinant adenoviruses. Recombinant viruses were propagated in HEK293 cells, purified using an Adeno-X™ Maxi purification kit and kept in a solution containing 10% glycerol, 10 mM Tris (pH 7.6) and 1 mM MgCl 2 . Ad-EGFP was used as a control adenovirus expressing an enhanced green fluorescent protein reporter gene. Viral titers were calculated by determination of the TCID50 or with the use of the adeno-X rapid titer kit (BD Bioscience, Palo Alto, CA, USA). Titers are expressed as either multiplicity of infection (MOI) or as plaque-forming units (pfu)/ml.
Materials and methods

Cell
Western blot analysis to detect endostatin and sTRAIL expression. HUVECs and HepG2 cells were seeded in 6-well plates and grown to 80% confluence, at which point the culture medium was replaced with serum-free medium and the cells were infected with recombinant adenoviruses at an MOI of 10 or 50. The media were collected 48 h later and the concentrated conditioned supernatants were subjected to western blot analysis in a standard procedure. Ad-EGFP was used for the visual examination of transgene expression under fluorescent microscope.
Cell viability assay. Cell viability was determined by MTT assay. In brief, 2x10 4 HUVECs and HepG2 cells were seeded in 96-well plates and infected with Ad-E or Ad-T, respectively, at either 10 or 50 MOI. At 24, 48 or 72 h following virus infection, 10 µl of 5 mg/ml MTT in PBS solution was added into the media and incubated for a further 4 h. Subsequently, the formazan product was solubilized by addition of 100 µl of dimethyl sulfoxide. Absorbance was measured at a wavelength of 490 nm using a microplate reader and cellular viability (%) was determined.
Animal experiments.
All animal studies were approved by our Institute's Animal Care and Use Committee. HepG2 cells (1x10 7 ) were injected into the right flank of female BALB/c nude mice in 200 µl serum-free medium at the age of 6-8 weeks. Therapy was initiated when mice had developed palpable tumors with diameters of 5-8 mm 10 days following inoculation. Mice were randomly divided into 5 groups with 5 animals each and subjected to intratumoral injections of virus suspension as follows: Group 1, 100 µl PBS (PBS group); Group 2, 100 µl Ad-EGFP virus (2x10 9 pfu per tumor); Group 3, 100 µl Ad-T virus (2x10 9 pfu per tumor); Group 4, 100 µl Ad-E virus (2x10 9 pfu per tumor) and Group 5, 100 µl Ad-T + Ad-E virus (1x10 9 pfu Ad-T and 1x10 9 pfu Ad-E per tumor). The treatment procedure was repeated three more times, at 3-day intervals. Tumor growth was monitored by caliper measurements twice a week and tumor volume was calculated using the formula: 0.52 x (largest diameter x smallest diameter 2 ). The tumors were extracted for histology and immunohistochemistry examination.
Histology and immunohistochemistry examination.
Tumor-bearing mice were sacrificed one week following the last treatment and the tumors were dissected, covered with Tissue-Tek (Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands) and then frozen in liquid nitrogen vapor for further histological examination. Tumor sections (5-µm thick) were cut with a cryostat microtome (CM1950; Leica, Heidelberg, Germany) and stained with hematoxylin and eosin (HE) as described previously (21) . Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining was performed to quantitatively assess tumor apoptosis with an in situ Cell Death Detection kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. The number of apoptotic cells was quantified by determining the percentage of positively stained cells for all nuclei from six randomly chosen fields/sections at x200 magnification. Tumor sections were also fixed in acetone, incubated and stained with an anti-CD31 antibody to detect tumor microvessel density (MVD) as previously reported (22) . MVD was determined by counting the number of microvessels per high-power field.
Statistical analysis. Statistical analysis was carried out with SPSS software (version 13.0 for Windows). All values are expressed as mean ± SD. Data were analyzed by one-way ANOVA and then differences among the means were analyzed using the Kaplan-Meier multiple comparison test. Differences were considered significant at P<0.05.
Results
Expression detection of recombinant endostatin and TRAIL.
Fluorescent microscope examination confirmed the expression of EGFP proteins in the HUVECs and HepG2 cells infected with Ad-EGFP virus (Fig. 1A) . In order to examine whether endostatin and TRAIL genes inserted into the adenovirus vector were able to express and secrete, the supernatants of HUVECs and HepG2 cells infected with Ad-E or Ad-T was detected by western blotting using anti-endostatin and anti-TRAIL antibodies, respectively. Results revealed that an endostatin protein band of 20 kDa and a TRAIL protein band of 18.5 kDa were able to be detected, whereas no such band was present in the control supernatants of cells infected with Ad-EGFP virus. A higher level expression of in 50 MOI infected cell supernatants than that of 10 MOI infected cell supernatants following 48 h was also observed (Fig. 1B) . These results confirmed the effective expression of transgenes by using Adeno-X expression system.
Cell viability assay. The HUVECs and HepG2 cells were infected with Ad-E and Ad-T, respectively, using 10 or 50 MOI. Ad-EGFP adenovirus vector served as a control. In vivo antitumor efficacy of Ad-E and Ad-T. Subsequently, the efficacy of antitumor treatment with Ad-E and Ad-T was investigated (Fig. 3A) . In control mice treated with only PBS, HepG2-derived tumors reached a volume of 841.47±50.32 mm 3 by day 28 following implantation. There was no significant tumor inhibition effect when mice were treated with Ad-EGFP (695.33±55.50 mm 3 ), compared with all other groups on day 28 following implantation (P<0.01). Changes in body weight of mice demonstrated a similar trend (Fig. 3B) . In the PBSand Ad-EGFP-treated groups, the mean increases in the body weight of mice by day 28 following implantation were 2.38±0.35 and 2.09±0.28 g, respectively. In comparison, the mean increase in body weight of mice treated with the single Ad-T virus was 1.64±0.24 g and that of mice treated with the single Ad-E virus was 1.52±0.15 g. Other than that, combined treatment with Ad-E and Ad-T virus revealed the least increase in body weight of mice, with a 1.32±0.24 g mean increased body weight per mouse (P<0.01).
Histology and immunohistochemistry examination.
Histologically, control tumors (PBS and Ad-EGFP) exhibited no or little tumor necrosis. Tumors treated with Ad-E or Ad-T demonstrated a significant tumor necrosis. However, tumors treated with Ad-E + Ad-T had the most significantly visible homogeneous necrosis with a clearly distinguishable morphology compared with controls (Fig. 4) . A TUNEL assay confirmed that there were extremely few apoptotic cells in the control tumors (PBS and Ad-EGFP), with 1.18±0.21 and 2.52±0.54% apoptotic cells, respectively. Tumors treated with Ad-E and Ad-T had 8.52 and 16.45±0.28% apoptotic cells, respectively, but the majority of apoptotic cells were identified in the tumors treated with Ad-E + Ad-T, achieving 24.30±1.68% apoptotic cell ratio ( Fig. 5; P<0 .01). Angiogenesis in tumor tissues was estimated by MVD assay. As shown in Fig. 6 , treatment with Ad-E + Ad-T resulted in a significant reduction in tumor MVD compared with the PBS-, Ad-EGFP-, Ad-E or Ad-T virus-treated groups (P<0.01). Quantitation revealed 46.76±2.51 tumor microvessels per field in the tumors treated with Ad-E + Ad-T, which was significantly lower compared with the PBS (111.24±13.60 microvessels), Ad-EGFP (98.06±8.24 microvessels), Ad-T (88.67±3.52 microvessels) and Ad-E group (62.34±3.06 microvessels).
Discussion
HCC, similar to other malignant tumors, is a complex disease with multiple genes in diverse pathways involved in its initiation, progression, invasion and metastasis. It is widely accepted that the sequential accumulation of mutations that activate oncogenes and disrupt tumour suppressor genes, combined with multiple cycles of clonal selection and evolution, facilitate the process of carcinogenesis. Moreover, during the growth of a tumor, cancer metastasis may occur by virtue of a series of aggressive steps, including leaving the primary mass, intravasation, survival in circulation, extravasation and colonization and growth of tumor cells at a distant site. The promotion of tumor cell apoptosis and inhibition of angiogenesis provides a good chance of preventing cancer from overgrowing and becoming malignant (23, 24) . TRAIL is regarded as one of the most potent inhibitors of tumor growth. Anti-angiogenic factors, including endostatin, have been identified and have demonstrated the ability to inhibit tumor growth in vivo (25) . Therefore, a combination gene therapy of TRAIL and endostatin is likely to achieve an improved control of tumor growth through the combination of TRAIL-induced tumor cell apoptosis and endostatin-induced anti-angiogenesis, as demonstrated in the presented study (Fig. 3) . The efficacy of enhancement of tumor treatment has been demonstrated by the combination of TRAIL or endostatin with chemotherapy and radiotherapy (26) (27) (28) (29) . The key point of gene therapy is to establish an effective gene delivering system. Our data indicate that the combination gene therapy of adenovirus-mediated TRAIL with endostatin exhibits significant antitumor activities through induction of apoptosis and inhibition of angiogenesis, compared with single Ad-T or Ad-E. Our results are in agreement with the previous study by Zhang et al (20) , in which sTRAIL and endostatin genes were transferred using plasmid pVAX1 as a vector. By contrast, the Adeno-X expression system was utilized in our study. The Adeno-X expression system offers a simple yet powerful method for constructing recombinant adenovirus by using a ligation-based method. The Adeno-X expression system is also considered as the most efficient adenoviral system available and generates high-level protein expression in a wide variety of mammalian host cells. Furthermore, viral vectors have been preferentially applied in gene therapy due to their marked advantages over the current plasmid-transfection methods, including i) the protocols are simple to perform, involving the direct addition of virus to cells; ii) the use of Ad-gene vectors does not require any additional reagents; and iii) observable adenoviral transduction efficiency is high and reproducible in a number of the cell types tested when used at an optimal MOI.
The current study revealed that the ratio of apoptotic cells significantly increased in the tumors treated with a combination of Ad-E and Ad-T virus, in comparison with signal gene treatment (Fig. 5) . The enhanced cytotoxic sensitivity of tumor cells may be attributed to the following several factors. The overexpression of endostatin may result in the inhibition of angiogenesis and deprive cancer cells of the nutritional supplements that they require for sustaining their high metabolic activity. Thus, nutrient deficiency reprograms cancer cells to enter into apoptosis. Previous evidence has shown that nutrition deprivation causes cancer cell death (30) . Braun et al demonstrated that serum-nutrient starvation induces cell death mediated by Bax and Puma (31) . However, under the condition of nutrient/oxygen depletion, cancer cells are expected to be more sensitive towards an apoptotic inducer. Although there are reports that the majority of HCC cells are insensitive towards TRAIL-induced apoptosis, it is likely that HCC cells tend to be more sensitive to TRAIL-induced apoptosis when tumors are subjected to hypoxic and nutrient-depleted environments. In addition, it was also notable that intratumoral MVD significantly decreased in the residual tumors with combination therapy, compared with Ad-E-or Ad-T-treated tumors (Fig. 6 ), suggesting that a stronger in vivo anti-angiogenic effect is obtained when Ad-E is coadministered with Ad-T. Thus, a synergistic antitumor effect against xenograft growth of HCC is achieved through the combined administration of Ad-E and Ad-T.
In the current study, the recombinant Ad-E and Ad-T were sucessfully constructed by means of the adeno-X expression system. Intratumoral administration revealed that a combination treatment employing one-half the dose of Ad-E and Ad-T led to a significant enhanced regression of the tumors compared with treatment with either agent alone. Treated xenografts by combination of Ad-E with Ad-T demonstrated increased apoptosis and reduced angiogenesis in the tumors that may account for the histological observation of tumor growth inhibition. Our findings highlight a promising application prospect in achieving more effective growth inhibition of HCC by means of adenovirus-mediated combinatorial gene therapy.
